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Abstract

To increase the insulating properties of elastomeric half-masks, it is suggested to perforate the obturator in the area of
the nasal bridge, chin and cheeks, which allows for adjustment in its size, thus preventing the occurrence of wrinkles on
the user’s face in the areas which are the individual features of a particular user’s face. Three versions of the perforated
filter respirator obturator have been proposed: in the first, the holes are made along the entire perimeter of the obturator;
in the second, the holes are only in the area of the cheeks and nasal bridge; in the third, incisions with a diameter of 5
mm are made in the area of the nasal bridge and cheeks. The result of modelling a set of alternative solutions taking into
account the coefficient of protection of filter respirator half-masks, the distribution of compressive forces, which are
determined in the environment of the packages “ANSYS” and “Solid works”, has been obtained on the basis of main in-
dicators of the proposed models. To make a decision on choosing the best model, the mass of the elastomeric half mask,
its dimensions and the complexity of the design were additionally considered. On the basis of expert evaluation, accord-
ing to the described procedure for determining the utility function of the factors from their values, it has been defined
that the second model of the half-mask is characterized by the best parameters. Conducted laboratory studies to deter-
mine the aerosol absorption coefficient by the obturation line showed the lowest indicator in the second option.
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1. Introduction ing on the ore, including high radon exposure. These
S ) . factors are not only harmful and dangerous for the health
The mining industry remains the most dangerous in  and life of workers, but there is also the fact that masks

the world, especially with underground mining. This is  distract and affect the working capacity of miners
evidenced by the results of studies that are presented in  (Nehrii, Volkov et al., 2022).

the works of many scientists (Wei-ci et al., 2011; Ak-
giin, 2015; Amponsah-Tawiah et al., 2016; Verma et
al., 2017; Ajith et al., 2020; Ivaz et al., 2021; Nehrii,

With the whole variety of risk factors for miners’ in-
jury and their acquisition of occupational diseases, air
2 dustiness is one of the highest priority factors that must
Volkov et al., 2022; Nehrii, Glyva et al., 2022). The e taken into account when planning labor protection

occupational safety of miners depends on their working 1 \oocures and improving the working conditions of min-
conditions, which are characterized by the factors of the . (Nehrii, Glyva et al., 2022).

production environment and labor process: difficulty of
work, dustiness of the air, lighting, production noise, vi-
bration, microclimate, and several other factors, depend-

The content of dust in the mine atmosphere is also a
factor complicating working conditions and a source of
occupational diseases associated with respiratory dis-
Corresponding author: Serhii Nehrii eases. The dust content of the working space can be an
e-mail address: sgnegrey@gmail.com obstacle in assessing the situation at the workplace, as it
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limits the possibility of receiving warning and emergen-
cy signals (Nehrii, Glyva et al., 2022). The only way to
solve the problems of creating standardized working
conditions at workplaces is the introduction of energy-
and resource-saving technologies that ensure the optimi-
zation of labor protection and safety costs by localizing
dust emissions at the places of formation and exhausting
dusty air using built-in devices adapted to working tools,
as well as subsequent dust collection in sanitary air puri-
fication equipment (Strzemecka et al., 2019; Klishch et
al., 2021). The introduction of such measures requires
significant costs for the reconstruction of technological
equipment and the purchase of sanitary air purification
units. There is also a need to improve the effectiveness
of the protection of workers through the use of personal
respiratory protection. Despite the fact that in the hierar-
chy of precautionary measures, these agents rank last
due to their low efficiency, they sometimes remain the
only protective barrier that keeps workers from getting
occupational diseases. Therefore, the issues of improv-
ing designs or developing new means of individual res-
piratory protection are quite relevant. This will signifi-
cantly increase the level of protection for workers, while
providing a comfortable feeling as the basis for continu-
ous use.

The main problem of ensuring reliable protection of
the respiratory organs from a harmful environment is the
different anthropometry of faces, changes in facial ex-
pressions during a conversation and various movements
(Cheberiachko et al., 2022). It is the anthropometric
parameters of the user’s face that have a significant im-
pact on the insulating properties of personal respiratory
protection equipment. It is believed that the most prob-
lematic place, where gaps along the obturation line of a
filtering respirator are most often fixed, is the area of the
nose (Bazaluk et al., 2021). Analysis of the data shows
that about 84% of the gaps were found in the area of
nasal bridge (near the nose and cheeks), and 73% of the
gaps are slit-shaped (Bhattacharyya et al., 2006). In ad-
dition, the relationship between the user’s face parame-
ters and the placement of the gaps has been recorded
(Cheberiachko et al., 2020).

The conducted research helped manufacturers to im-
prove the protective properties of filtering respirators
and develop various seal designs. For example, one of
the effective ways to solve this issue is to manufacture
half-masks of a filtering respirator with a special frame,
which, by changing its geometry, will retain the given
shape of the front part of various types of users’ faces
and a sufficient area of the obturation line during conver-
sations and head movements (Cai et al., 2018). Also, to
increase the tightness of the half-mask to the user’s face,
the obturator of the filtering respirator in the area of na-
sal bridge is fully or partially reinforced with an addi-
tional sealant made of polyurethane foam, soft rubber or
silicone (Kwon et al., 2022). Most manufacturers use a
nose clip to reduce suction, especially around the nasal

bridge. In the case of half-masks of a filtering respirator
with an airtight facepiece, the reliability of isolation de-
pends on the design of the obturator and the material it is
made of. The following seals between the half-mask and
the face are known: “single-skin respirator seal” (nor-
mal, single fold), “airbag” (inflatable obturator), “reflex”
(flexible U-shaped fold providing two contact strips) and
“double-bladed respirator seal» (corrugated obturator
with two strips touching the face) (Caggiari et al., 2016;
Chopra et al., 2021; O’Kelly et al., 2022). The best one
is the last one. The double seal ensures that the respirator
fits better to the face than other designs, at least due to
the greater face contact area (Wetherell et al., 2001;
Wardhan et al., 2019). However, such a design signifi-
cantly reduces the internal space of the half-mask and is
therefore used only in special cases, for example, in mil-
itary gas masks. At the same time, the search for ways to
improve the insulating characteristics of the filter respi-
rator is still underway.

It is believed that the effective protection of workers
from pollutants will be provided if three main conditions
are met (Stemen et al., 2021):

- the use of a high-quality filter element with low
breathing resistance and high dust capacity, taking
into account the main patterns of accumulation of
dust sediment with a changing filtration rate (Jung et
al., 2020; Mauricio da Costa Ramos et al., 2022);

- increasing the reliability of isolation of respiratory or-
gans from the environment by improving the obtura-
tion line of half-masks of filtering respirators, fasten-
ing elements of half-masks on the head of workers
(Vinothkumar et al., 2017; Lowney et al., 2018;
Tarfaoui et al., 2020; Akagi et al., 2021; Kamalud-
din et al., 2022), timely and correct use of personal
respiratory protection equipment during the entire pe-
riod of operation, when the dust content exceeds the
maximum allowable concentration, and by determin-
ing the safe area of their use and proper selection pro-
cedures (Shaffer et al., 2015; Wu et al., 2017).

There are some main reasons for the deterioration of
the respiratory protection of workers using filtering res-
pirators: poor quality filter, low isolating properties and
unwillingness to timely and constantly use a respirator.
Most questions arise about the reluctance to use a respi-
rator, since this reason is associated with a feeling of
discomfort (Shenal et al., 2012) due to an uncomforta-
ble seal and tissue deterioration and bruising at the points
of contact with the face (Cloet et al., 2022). That is, the
refusal to use a half mask occurs due to the imperfection
of the sealing structure. But many cases of respirator de-
terioration have been documented when workers move
their heads, talk, or when there is insufficient downforce
(Krishnan et al., 1994; Myers et al., 1988). The distri-
bution of aerosol leaks along the obturator strip has been
determined in studies (Oestenstad et al., 1990; Chopra
et al., 2021). The most problematic areas of compaction
are considered to be the bridge of the nose, where leak-
age is 58% of all recorded cases, while near the chin it is
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18%, near the cheeks - 15%, near the mouth - 6%, and
under the lower jaw - 3%. All of this points to the need
to eliminate the causes of inefficient use of respirators.

Under the above conditions, the protective properties
are most affected by the insulating characteristics of
half-masks of filtering respirators, since it is they that
make it possible to ensure that the obturator profile
matches the anthropometry of the face and create com-
fortable conditions for use so that there is no desire to
remove the filtering respirator in hazardous working en-
vironments. For miners, this issue is relevant because
they spend most of their working time in filter respira-
tors, in particular, in “Shakhtar” respirators, which are
made of modified rubber (Oestenstad, Zwissler, 1991).

The aim of the research is to improve the design of the
half-mask of the “Shakhtar” filter respirator to improve
its insulating properties.

2. Methods

To search for a design solution to improve the insulat-
ing properties of the half-mask of a filtering respirator,
the method of parametric synthesis has been used, which
made it possible to determine the most acceptable model
from several proposed ones. To do this, we generate
many alternative solutions to improve the design of the
filter respirator half-mask, based on several proposed so-
lutions. As a result, we get a number of options (M, M,
..., M) which can satisfy the conditions of our research.
Further, for each of the alternative proposed options, we
form a mathematical model, where we set the limits for
changing the design indicators of the quality of personal
respiratory protection equipment (protection coefficient,
suction coefficient, breathing resistance), criterial and
functional restrictions (head tension force, specific pres-
sure on the face of the user). Then, using the known
methods of revising statistical laboratory tests, we check
the set of feasible solutions (D)), and select effective
(Pareto-rational) variants of the first alternative structure
(M)). If the set D, is empty, then, correcting the con-
straints, we carry out a parametric synthesis of M - struc-
ture to obtain at least one effective solution.

To form a set of alternative Pareto-rational variants of
the proposed models, we sequentially solve the vector
optimization problem (Bulat et al., 2020). To do this, we
use Equations 1 and 2:

fl.(x)—>mxin; xeD (i=1,_k); (1)
D={xeR" 2,(x)<0; g,/(x)=0 (i=1,_m);
(i=m+l,s); a,<x,<b; (]=,_q)} 2)
Where:
x  —adesign parameter vector (x € R");

D —aset of feasible solutions;
fix) —scalar target function of a vector argument;
g(x) — scalar functions of a vector argument.

The solution of the problem according to Equation 1
is carried out in three stages:

1. Using the method of laboratory tests or L__ - se-
quences, we set N test points x/, X%, ..., x", uniformly lo-
cated in a given area of the optimization parameter
space. At each point x’, we check the fulfillment of all
functional constraints. If they are not fulfilled at any of
the given points, then we do not take them into account
in further calculations. We calculate the value of all par-
tial quality criteria Fj(x"), where j =1, 2, ..., k for the se-
lected points x'.

2. After viewing the points that belong to the range of
acceptable values, based on the results of the calcula-
tions of the values of partial criteria, we assign criterial
constraints.

3. We check the non-emptiness of the range of ad-
missible solutions. Among the options that satisfy the
accepted criterial constraints, we choose the options that
satisfy all partial criteria. If:

- such points x’ exist in the parameter space (at least
one), we remember the value of the design parame-
ters and quality criteria, and include these options as
components of the set of alternative Pareto-rational
options for the considered models of respirators;

- such options are not found; we return to the second
stage and look at the given criterial constraints;

- this is impossible, we increase the number of test
points N and proceed to the first stage;

- as aresult of increasing test points and changing crite-
rial restrictions, it is not possible to find at least one
acceptable option that falls into the area of admissible
solutions, this means that the design solution consid-
ered at this stage cannot further satisfy the synthesis
conditions at the level of design parameters, and it
should be removed from consideration.

Similarly, we carry out a multicriteria optimization
parametric synthesis of models of half-masks filtering res-
pirators of other alternative structures, select effective so-
lutions from the range of feasible solutions and include
them in the set of alternative Pareto-rational options.

The choice of the best of the alternative options is car-
ried out on the main provisions of the theory of total
utility, the theory of games and economic behavior,
fuzzy sets and the method of expert assessments, charac-
terizing each of the alternative Pareto-rational options
by a generalized criterion of utility.

Each half-mask model S. operating in the ¢ mode is
associated with an n-dimensional vector (Cheberiachko
et al., 2022) by Equation 3:
2= (xl Xl o)) 3)

Where ¥/ is the value of the i factor for the /" ver-
sion of the half-mask when operating in the ¢ mode.

In the above case, we evaluate the models of the half-
mask of a filtering respirator by geometric parameters,

X
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the tension force of the headband, the protection factor
of the filtering respirator, the suction coefficient and the
specific pressure of the half-mask.

Taking into account all modes of operation, for each
variant §; we compose a k x n-matrix of factor values by
Equation 4:

A =x (J=1200m; ¢ =12,k i=1,2,..,n) (4)

We consider the matrix 4; as a collection of multidi-
mensional alternatives. Denoting the value of the utility
function of the j* alternative S, as u(Sj) and relying on
the main provisions of the theory of total utility, we rep-
resent it as Equation 5:

“ (Sf) - z,;=1 2?:1 AUAY (5)
Where:

r, - weighting coefficient of the given index of the
half-mask (¢ =1, 2, ..., k);

w-q"[ — the value of the utility function that corresponds
tothevalue G=1,2,...,m;q=1,2, .., ki=1,
2, ..., 1),

v, — weight coefficient of the i factor (i=1,2,...,n).

Equation 5 is conveniently presented in matrix form
by Equation 6:
u(S/.)szW/.xV (6)
Where:

R, = "rq " —k  —dimensional string of weight coeffi-
cients of a given half-mask index;
w,= "w;l. "kxn — utility matrix corresponding to the

matrix |x;, i
— n-dimensional column of weight co-
efficients of factors.

=l -n

So, based on the foregoing, the algorithm for choos-
ing the optimal variant of the filter respirator half-mask
model according to technical quality criteria can be rep-
resented as a sequence of the following procedures:

1. A matrix of factors is formed 4, = "x;I”

2. According to the results of expert assessments,
each matrix A4  is associated with the factor utility matrix

. J . .
W, = ||Wé,i ", a column vector of weight coefficients of fac-
tors is determined V' = ||v,. |

3. For each alternative S, formulas (5) or (6) deter-
mine the value of the total utility function u(sS).

4. The most preferred option (structure and ratio of
design parameters) S* is determined, which satisfies the
condition:

u(S*) =max u (S‘/. ), 7

After that, using Equations 6 and 7, for each alterna-
tive model, we determine the average value of the qual-
ity criterion and variance estimates. The results of expert
assessments of the quality criteria are used to construct
curves of the dependence of the utility function of the
criterion on this criterion at a given point in the space of
design parameters of half-masks. To do this, we present

all the quality criteria in one measurement scale from 0
to 1. We believe that with a ratio of design parameters at
which the quality criterion received the maximum aver-
age value of the expert assessment, its utility function is
equal to 1, if the minimum is then 0. Such an assessment
entirely corresponds with the basic concepts of the fuzzy
set theory (Alpert, 2020).

To determine intermediate points and approximate
their curve, the methods of half division and expert as-
sessments are used (Olizarenko et al., 2018; Balan,
2021). At the same time, we ask the experts the question:
“For what value of the quality criterion, in their opinion,
the utility function of this criterion has a value equal to
0.5.” Having worked through the results of expert as-
sessments, we obtain the third point in the rectangular
coordinate system “the utility function of the criterion —
the value of the criterion”.

The ANSYS and SOLIDWORKS software packages
were used to model the distribution of air flows through
the respirator filter, as well as through the leakage along
the half-mask contact band. The Process Models Using
System Identification Toolbox method in the MATLAB
application package was used to process the experimental
data and construct approximation curves for the distribu-
tion of the filtration rate over the diameter of the filter.

3. Results and Discussion

Experimental verification of the insulating properties
of the samples of the filtering respirator was carried out
on humans with a test aerosol. For this, six volunteers
were selected in accordance with Table 1.

Table 1: Distribution of people under the test by face size

Standard face width, mm
Face height (Bazaluk et al., 2021)
ranges, mm 129-139 140-145 146-155
(1 zone) (2 zone) (3 zone)
136-126 - 2" testman | 5% test man
125-116 I*testman | 3"testman | 6" test man
115-105 - 4t test man -

The test people were familiarized with the manufac-
turer’s instructions for the correct donning of the filter-
ing respirator half-mask and adjusting the fastening of
the half-mask.

For a laboratory study to determine the isolation coef-
ficient of the developed model of a half-mask filtering
respirator, a test procedure has been carried out, includ-
ing the determination, in accordance with the require-
ments EN 140:1998 “Respiratory protective devices —
Half-masks and quarter-masks — Requirements, test-
ing, marking” of the coefficients of penetration and
suction of the half-mask of a filtering respirator by test
aerosol (sodium chloride) on test volunteers.

The value of the coefficient of penetration of the half-
mask of a filtering respirator (C, %) has been calculated
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10 S 12 7 6 3

—

15 11

Figure 1: Stand for measuring the penetration coefficient on the tester: 1 - aerosol generator with compressor and aerosol line;
2 —aspirator; 3 - multiway valve; 4 - particulate filter; 5 - a test chamber into which the aerosol enters from above; 6 - chamber
air sampler; 7 - submask air sampler; 8 - pressure sensor; 9 - spectrophotometer; 10 - filter respirator; 11 - treadmill located in
the test chamber; 12 - air duct and air distributor; 13 - clean air intake pipe; 14 - inspiratory-expiratory phase distribution
system; 15 - exhaust ventilation; 16 - PC

according to the results of measurements of the external
and submask concentrations of the test aerosol, as
(Holinko et al., 2016; Glass et al., 2022) in Equation 8:

C
C, =—-100% ®)
C
Where: 0
C, — concentration of the test aerosol in the submask
space of the filtering respirator, mg/m?;
C, —external concentration (in the test chamber) of
the test aerosol, mg/m?.

The suction coefficient (C, , %) for the obturation
line has been determined as the difference between the
penetration coefficients of the half-mask and the filter of
the respirator (Bazaluk et al., 2021) by Equation 9:

Cvuc = Cp - Cpf (9)

Where C  is a coefficient of penetration of the test
aerosol through the filter, % (is determined similarly to
the C, by Equation 7).

The stand for determining the protective effectiveness
of respirators on humans meets the requirements of USS
EN 149:2003 “Personal respiratory protection equip-
ment. Filter half-masks. Requirements, testing, mark-
ing”. The scheme and general view of the installation are
presented respectively in Figure 1.

During the study, the volunteers sequentially per-
formed various actions (exercises) simulating produc-

Figure 2: General view of the filter respirator model
“Shakhtar” 1 - elastomeric half-mask; 2 - main fitting

tion activities for 2 minutes, namely: normal breathing,
deep breathing, turning the head from side to side, mov-
ing the head up and down, speaking out loud, walking on
a treadmill at a speed of 6 km/h and torso bending. The
concentration of the test aerosol (sodium chloride) in the
chamber and in the submask space of the half-mask of
the filtering respirator was determined using a “Selmi
S-115E” spectrophotometer. In the test chamber it was
8...10 mg/m3. The particle distribution ranged from 0.02
to 2 um with a mass average diameter of = 0.6 pm.

To measure the concentration under the mask, both
samplers indicated in Figure 2 were used at the same
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a

b G

Figure 3: Suggested models for improving the design of the obturator filter respirator: a) with holes around
the perimeter of the obturator; b) holes are made at the nasal bridge and cheeks; ¢) cutouts are made behind the perimeter
of the obturator

time, and in the chamber — an additional one, located at
the level of the tester’s face. The rate of aspiration of
aerosols in both cases was 15 dm*min. The result was
averaged, entered into the table of the specialized pro-
gram “AAS-2009”, which was attached to the spectro-
photometer, and displayed on the computer monitor in
the form of graphs.

First, the coefficient of penetration of the half-mask
worn by the tester without special measures for com-
pacting it along the obturation line was determined.
Then — the penetration coefficient of the test aerosol was
determined, but only through the filter. At the same time,
to prevent suction of the test aerosol behind the obtura-
tion line of the half-mask, the places of contact between
the face and the obturator were sealed by applying the
“Aqualaser” medical gel to the skin of the face. After
that, the suction coefficient was determined by Equa-
tion 2.

Results of theoretical studies. In order to improve
the insulating properties, we will consider three variants
of different models of the elastomeric half-mask of the
filtering respirator of the “Shakhtar” model (see Figure
2). The filtering respirator of the “Shakhtar” model is
characterized by improved performance properties and
an extended period of protective action compared to
other filtering respirators used in coal mines (Knobloch
et al., 2023). It contains an elastomeric half-mask made
of airtight material, which is equipped with two exhala-
tion valves located on both sides of the half-mask, a fil-
ter cartridge equipped with an additional pleated filter
located in front of the main one, as well as an obturator
and a mounting set (Ennan et al., 2006).

The main disadvantage of the above-mentioned filter-
ing respirator is the relatively high coefficient of unfil-
tered air suction, which is due to the presence of leaks
that form between the surface of the user’s face and the
half-mask along the obturation line due to various an-

thropometric parameters of the user’s face. This is diffi-
cult to take into account when using a half-mask of the
same size when just one standard size of a filtering res-
pirator is manufactured. In addition, this filter respirator
is characterized by low operational properties associated
with uncomfortable (pain) sensations at the place where
the half-mask is pressed against the user’s face. This is
due to an attempt to reduce the amount of suction by
increasing the tension of the head bands when fitting the
half-mask to the face.

To eliminate this drawback, it is proposed to perforate
the obturator of the elastomeric half-mask of the filtering
respirator in the area of the nasal bridge, chin and cheeks,
which will allow for an adjustment in its size, thus pre-
venting the occurrence of the folds on the face in those
places that are inherent in the individual characteristics
of a particular user’s face. However, as a result, the prob-
lem arose of determining the size of the holes in the ob-
turator and their locations. Three options were proposed.
In the first one, holes were made around the entire pe-
rimeter of the obturator (see Figure 3a), in the second,
holes were made only in the area of the cheeks and nasal
bridge (see Figure 3b), and in the third, cutouts with a
diameter of 5 mm were made in the area of the nasal
bridge and cheeks (see Figure 3c).

It is necessary to choose one of the three models,
which are characterized by the geometric parameters
oo Vapps Tapr @ @5 SO that for a given head tension force
(5-7N) and variable hole diameter D, behind the obtura-
tion line, the distance between the holes D, and the num-
ber of holes V, the isolation coefficient of the half-mask
of the filtering respirator has a maximum value. In this
case, the specific pressure of the half-mask on the user’s
face must be within certain limits and not create an ad-
ditional load.

For theoretical modelling of the distribution of press-
ing forces behind the obturation line, a system of equa-
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tions has been compiled that describes the limit state of
equilibrium of the half-mask on the face (see Figure 4)
(Cheberiachko et al., 2022) by Equation 10:

M, =0; Ryr,y+R.r . +Fr,,sin@-

—-Gyr,, cosa, —G,r, cosa, =0;

ZE.I =0; —F.cosa, —R.sinsin¢, +

(10)

+Fcos(@+ a3)+FB cosa, — R, sino; =0

N'F, =0; —F,sing, + R, cos a, + Fsin(@+ a,) +

iy

+F,sina,+Rycoso, — G, —G, =0

Where:
G, G, — gravity forces of the half-mask and filter, N;
F — head tension force, N;
F,F .~ friction forces between the half-mask and

the face, N;
R, R —reactions around the nasal bridge and chin, N;
—the angles of inclination of reactions in the
area of the nasal bridge and chin with re-
spect to the coordinate system, the initial
point of which is in the center of the half-
mask filter.

a 0

Figure 4: Calculation scheme for the distribution of forces
behind the obturation line of a filtering respirator

Its solution will make it possible to determine the dis-
tribution of clamping forces along the obturation line of
the filter respirator by Equations 11 and 12:

R

o, =L (11)
S,
R

oc=" (12)

Where S, and S, are the area of contact zones around
the nasal bridge and chin, m?

The dependence of the isolation coefficient on the
tension forces of the head of the filtering respirator can
be represented as Equation 13:

K, =k, (4p)™ (d,)"R, (13)
Where:

k,, a, b — constants determined experimentally and
depending on the design of the obturator,
the shape of the slots, the clamping forces
of the head, and the flow regime;

d, — size of the holes between the obturator and
the face, m;
b — coefficient of the mode of the air flow: 1 is

taken for laminar, 1.5 — for transitive, and
2 — for turbulent;

R — aerodynamic resistance of the filtering res-
pirator (for this type of filtering respirators
—7000 Pa s/m®);

dp — differential pressure across the filter respi-

rator, Pa (is 95 Pa).

To determine the value of K, computer simulation and
theoretical calculation have been carried out. The geo-
metrical dimensions of the filter respirator of the
“Shakhtar” model are: half-mask height H=0.0707 m;
surface area S=314 cm?; half-mask thickness L=10 mm;
thickness of the filter material from which the filter is
made is 4 mm; filter area S= 500 cm?; inlet radius for
inhalation R=25 mm,; equivalent slot radius R = 0.05-0.9
mm; wind speed U, = 0.1 m/s; air suction speed through
the hole simulating the nose is 4 m/s; total air flow is
from 30 to 95 dm?/min; filter resistance is 80 Pa. The fil-
ter permeability coefficient is calculated by Equation 14:

QO L 0,001583 0,005-0.0000183

X—= X
s, 4P 0,05 80

k=

=3,375-10" m2.(14)

The reciprocal is the viscous resistance used in the

filter respirator design model by Equation 15:
1

VR == 2,9-10", 1/m>. (15)

The flow of the carrier medium is presented in the

form of homogeneous and porous areas of laminar vis-

cous gas flow (Bhattacharyya et al., 2006) by Equa-
tions 16, 17 and 18:

ou, u  du
ey Do, (16)
or r ox
§ du u, ) OP u(du, 10u, du u
2p 2 et S P ST ol Wil S Sttt A Wit S DY sk 17
€ (ur ar T E)xj 8x+£[3r2 +r E)r+3xz gku”( )
B u du OP u(du, 10u, du U
pfy Ny, ) 0P (10w Fu) m g
€ [u" ar ax) 8x+€(8r2 e E)xz] €kur’( )

Where:
u, u, — gas velocity components in a cylindrical coor-
dinate system (x, r);
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€ — filter porosity;

u  —coefficient of dynamic viscosity of air;

p  —air density;

p  —pressure;

k  —porous medium permeability, m2.

It was solved using the finite volume method in the
environment of the “ANSYS” and “Solid works” pack-
ages. The calculation area outside and inside the porous
zone was divided into unstructured quadrangular ele-
ments with a more thorough division at the boundary of
the porous zone (see Figure 5).

Figure 5: Calculated area of the filtering respirator half
mask: option 1 (a); option 2 (b); option 3 (c)

The Cauchy problem for Equations 16, 17 and 18 in
the found gas velocity field was solved by a numerical
method based on the Runge-Kutta method (Van-Huy et
al., 2023). At the first stage, the effect of the mesh size
on the air flow through the filter and the slot was evalu-
ated (see Table 2).

The values of the calculated gap areas were set in the
range from 1 to 7 mm. The value of the coefficient of
aspiration through the slot was calculated using the
“CAE package”. Figures 6 and 7 show the streamlines
and the distribution of air flow rates through the filter
and slot at an air loss of 30 I/min, filter material perme-
ability k£ = 9.55 x 10-11 m?, and slot area S, = 7 mm’. It
can be seen that the air passes into the submask space of
the filtering respirator both through the filter and through
the slot. As the resistance to the filter and the diameter of
the hole increase, the amount of air that enters through
the gap into the submask space of the filter respirator
increases.

The determination of the coefficients k,, a, b has been
carried out in the Microsoft Office application “Excel”.
We can use the calculation of the production formula in
the form of a Cobb-Douglas function, similar to the ob-
tained dependence. To do this, we use the numerical val-
ues of the air flow through the slot, obtained by model-
ling in the “CAE package” with a change in the pressure

drop across the filter and the slot diameter.

Table 2: Effect of mesh size on air flow through filter and slot

Ratio of gap area to filter area S /S,
Model number 8x10° variant 1 8x10 variant 2 8x1073 variant 3
number of nodes | Qs,/min | number of nodes | Qs,/min | number of nodes | Qs, /min
Model 1 260405 0.01434 103832 1.0374 140926 1.0398
Model 2 435148 0.01308 176706 1.0470 198703 1.0481
Model 3 613802 0.01284 392765 1.0470 420157 1.0494
300 - r
200
@
=
2 100 {NA
2
e[y
> L
0 002 004 006 008 0.1

diameter of the filter box (m)

b

Figure 6: Interrelationship between flow vorticity and design parameters of a filtering half-mask: visualization of streamlines
inside the half-mask when Q=30 1/min, §_7 mm?, k=9.55x10" m*(a); dependence of the flow vorticity on the diameter

of the filter box
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Figure 7: Interrelationship between airflow rate and filtering half-mask design parameters: visualization of airflow
distribution inside the half-mask when Q=30 1/min, S =7 mm?, k=9.55x10™ m* (a); dependence of the air flow rate
on the diameter of the filter box (b)
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Figure 8: Distribution of forces along the obturation line of the filter respirator: non-perforated (a); perforated (b);
on the calculation face model (c); on the calculation model of the respirator half-mask (d)

In the basic version, due to differences in the anthropo-  tion occurs if we increase the tension force of the head-
metric characteristics of the faces of users, an uneven dis-  band bands of the filtering respirator which leads to an
tribution of clamping forces occurs. This is due to the increase in clamping forces in the areas where the obtura-
presence of leaks along the obturation line. Their elimina-  tor is initially properly attached to the user’s face (see Fig-
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Table 3: The main geometric dimensions of the half-mask
of a filter respirator

r,p MM F,omm | r.mm|r, . .mm| a,° a,’
92 92 92 92 32 12
Table 4: Results of computer numerical simulation (fragment)
. Parameters
Variant number 3 -
k,, m a, mm D,mm | D,mm ¥V, unit F,N 6, kPa 6., kPa K, %
92 0.18 5 3 8 5 22 2.5 98.4
40 0.11 5 5 10 6 2.7 2.6 99.9
3 23 0.09 7 5 10 7 29 3.2 96.6

ure 8). At the same time, the presence of holes redistrib-
utes the clamping forces and ensures their uniformity.

The main geometric dimensions of the half-mask of a
filtering respirator are presented in Table 3.

To determine the model with the best indicators of the
distribution of clamping forces along the perimeter of the
obturator, the corresponding simulation has been carried
out in the “Toolbox MatlLab-5.3.1” package, where a
combined method for finding the extremum of the target
function has been built, combining the “DFGS” algo-
rithm and the projection method. The main modelling
parameters are shown in Table 2. An acceptable result
was considered to be a uniform distribution of clamping
forces due to compensation for the diversity of anthropo-
metric features by removing the bridges in the places
where pressure is felt on the soft tissues of the face. A
fragment of the results of computer numerical simulation
using the above program is presented in Table 4.

As a result of processing expert assessments accord-
ing to the described procedure, the following dependen-
cies were obtained to determine the utility function of
factors on their values:

y=1.863x>—2.7227x + 1.0045 — to estimate the mass
of a filter respirator (r= 0.73);

y = 0.4918x*> — 1.2184x + 0.9778 — to estimate the
dimensions of the filter respirator (r= 0.76);

y=0.0083x> - 0.1633x + 0.8692 — to assess the com-
plexity of the filter respirator design (r= 0.82).

Where:

r — correlation coefficient.

After that, for each of the alternative options for a fil-
tering respirator, the formula calculates the value of the
total utility Function 19:

k n :
— Jj0
u (S./()) - zq=1 Z[:] rqwﬂli Vio
Where:

r,=1- weight coefficient of the ¢™ operating mode of
the filtering respirator (k= 2);

W;[O— value of the utility function of a filtering respira-
tor(m=5,k=2,n=3),

v, — weight coefficient of the i factor (n = 3).

(19)

The results of laboratory tests on six volunteers of this
elastomeric half-mask of a filter respirator are shown in
Table 6.

The difference in the values of the suction coefficients
of one half-mask of a filtering respirator is due to the
uneven distribution of clamping forces, which is facili-
tated by an increase in the distance between the centers
of application of the normal and tangential components

Table 5: The results of calculating the value of the total

utility function
Variant number | m/m | V/V, | u, u, u(S)
1 1.00 1.000 | 0.14 | 0.15 0.20
2 0.16 | 0.006 | 0.62 | 0.97 | 0.72
3 0.13 0.010 | 0.68 | 0.96 | 0.54

Figure 9: Filtering respirator of the “Shakhtar” model
with a perforated obturation strip

The calculated value of the total utility function with
the following weight coefficients of partial quality crite-
ria: mass - 0.6, dimension - 0.3, and design complexity
- 0.1. The calculation results are shown in Table 5.

Results of laboratory research. To conduct labora-
tory studies to determine the suction coefficient, an elas-
tomeric half-mask of a filtering respirator was made, cor-
responding to the parameters of model 3 (see Figure 9).
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Table 6: Results of an experimental study of an elastomeric half-mask of a filtering respirator

The value of the penetration The value of the coefficient of The value of the aerosol suction
The tester coefficient of the half-mask | penetration of the test aerosol through | coefficient behind the obturation
of a filter respirator a filter of the filter respirator line of a filter respirator
1 1.3 0.9 0.4
2 1.5 0.8 0.7
3 1.4 0.9 0.5
4 1.6 0.8 0.8
5 1.8 1.2 0.6
6 1.6 1.1 0.5

of the clamping force F created by the headband of the
half-mask (see Figure 8). An increase in the size of the
plastic strip causes a significant moment M, relative to
the horizontal plane of the half-mask, which indicates
the difference between the mechanical pressure in the
area of the nasal bridge and the chin (see Figure 10).

Figure 10: Distribution of forces on the half-mask
of the filter respirator

It is the uneven distribution of clamping forces that
leads to the appearance of leaks along the obturation
line. The most likely place for suction in this half-mask
is the mouth-nasal zone, where the pressure is less than
2 kPa, while to prevent the penetration of aerosol behind
the obturation line, it is necessary to provide at least 2.5
kPa. It is possible to improve the insulating properties by
increasing the tension of the headband, but this leads to
an uncomfortable sensation, since the maximum pres-
sure has already been fixed on the chin, which does not
cause the formation of wrinkles on the face.

An additional important condition for ensuring uni-
form pressure along the obturation line of a filtering res-
pirator is the location of the attachment of the headpiece
on the half-mask. Experimental data show that the filter
respirator number 3 has the best results. This is due to

both the successful design of the obturator and the place-
ment of the head attachment points.

So, the studies carried out made it possible to estab-
lish a relationship between the protection factor of a fil-
tering respirator and their insulating properties. In par-
ticular, from the data in Table 4 it can be seen that the
best results are observed for sample 3. At the same time,
the insulating properties of samples 1 and 2 also do not
go beyond the range specified by regulatory documents.

Currently, “Shakhtar” respirators are being tested
with the proposed solutions, including for miners. The
test results are planned to be published by the authors in
future papers.

4. Conclusions

Based on the results of theoretical modelling and lab-
oratory tests, the effectiveness of the perforated obtura-
tor in the area of the nasal bridge, chin and cheeks has
been determined by changing the size based on the an-
thropometry of the worker and increasing the comfort of
using such structures throughout the entire production
shift. At the same time, three variants of the perforated
obturator of a filtering respirator have been considered:
in the first one, the holes are made along the entire pe-
rimeter of the obturator; in the second, there are holes
only in the area of the cheeks and nasal bridge; in the
third, cutouts with a diameter of 5 mm are made in the
area of the nasal bridge and cheeks. As a result of model-
ling a variety of alternative solutions, taking into ac-
count the protection factor of half-masks of a filtering
respirator, the distribution of clamping forces deter-
mined in the environment of the “double-bladed pack-
ages, a rational design of a perforated obturator has been
found (the second model). To prove the conclusions
made, the total utility function of important factors has
been established: the mass of the elastomeric half-mask,
its dimensions and design complexity. Conducted labo-
ratory studies to determine the coefficient of aerosol suc-
tion along the obturation strip showed the lowest pene-
tration coefficient along the obturation strip in the sec-
ond variant, which, according to the results of computer
simulation, is 0.1%, while according to the experimental
results, it ranged from 0.4 to 0.8%.
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SAZETAK

Povecanje izolacijskih svojstava filtarskih respiratora
za zastitu disnih organa rudara od prasine

Kako bi se povecala izolacijska svojstva elastomernih polumaski, predlaZe se perforacija brtve u podrud¢ju hrpta nosa,
brade i obraza, $to omogucuje promjenu njezine veli¢ine i sprjecava pojavu bora na licu korisnika na mjestima gdje su
specifi¢ne znacajke lica odredenoga korisnika. PredloZene su tri inacice perforiranih brtvi filtarskoga respiratora: u prvoj
su rupe napravljene po cijelome obodu brtve, u drugome su rupe samo u podrudju obraza i nosnoga mosta, a u tre¢emu
se rade rezovi promjera 5 mm u podrudju nosnoga hrpta i obraza. Alternativna rjeSenja razvijena su temeljem glavnih
pokazatelja dobivenih modeliranjem u programskim paketima ,,ANSYS” i ,Solid works”, uzimajuci u obzir koeficijent
zastite filtarskoga respiratora polumaski, raspodjelu tla¢nih sila. Za donosenje odluke o odabiru najboljega modela do-
datno su u obzir uzeti: masa elastomerne polumaske, njezine dimenzije i slozenost dizajna. Na temelju ekspertne ocjene,
prema opisanome postupku odredivanja funkcije korisnosti faktora iz njihovih vrijednosti, utvrdeno je da drugi model
polumaske karakteriziraju najbolji parametri. Provedene laboratorijske studije za odredivanje koeficijenta apsorpcije
aerosola linijom zacepljenja pokazale su najnize vrijednosti u drugoj inadici.

Kljucne rijeci:
zapra$enost radnoga prostora, profesionalna bolest, filtarski respirator, antropometrijski parametri lica, parametri res-
piratora
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